Human-Comfortable Collision Free Navigation for Personal Aerial Vehicles by Dousse, Nicolas et al.
IEEE ROBOTICS AND AUTOMATION LETTERS. PREPRINT VERSION. ACCEPTED OCTOBER, 2016 1
Human-Comfortable Collision Free Navigation for
Personal Aerial Vehicles
Nicolas Dousse1 Gre´goire Heitz1 Felix Schill2 Dario Floreano1
Abstract—Semi- or fully-autonomous Personal Aerial Vehicles
(PAVs) are currently studied and developed by public and
private organizations as a solution for traffic congestion. While
optimal collision-free navigation algorithms have been proposed
for autonomous robots, trajectories and accelerations for PAVs
should also take into account human comfort. In this work,
we propose a reactive decentralized collision avoidance strategy
that incorporates passenger physiological comfort based on the
Optimal Reciprocal Collision Avoidance strategy [1]. We study
in simulation the effects of increasing PAV densities on the level
of comfort, on the relative flight time and on the number of
collisions per flight hour and demonstrate that our strategy
reduces collision risk for platforms with limited dynamic range.
Finally, we validate our strategy with a swarm of 10 quadcopters
flying outdoors.
Index Terms—Aerial Robotics, Collision Avoidance, Intelligent
Transportation Systems, Swarms, Distributed Robot Systems.
I. INTRODUCTION
IN many cities, the saturation of the road transportationsystem and predicted traffic increment [2] demand for
innovative alternative solutions. A promising idea for con-
gested cities is the use of the third dimension for personal
transportation (Fig. 1). Recently, several projects1 [3], [4] have
investigated the technologies for Personal Aerial Transport
Systems (PATS) as breakthrough in 21st century transportation
systems.
In a PATS, there could be up to 40 vehicles per cubic
kilometer [2] while the densities usually assumed in Air Traffic
systems are up to 4 orders of magnitude below [5]. Thus,
proposed strategies for air traffic systems (decentralized [6] or
centralized [7], [8]) may not be suited at high densities. NASA
acknowledges that the current Air Traffic system reaches
saturation and would not scale much further. As NASA is
expecting that 10 millions vehicles per day will share the
US airspace system, they recently launched a Sky for All
challenge2 to find “creative, clean-slate design constructs,
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Fig. 1. Concept for Personal Aerial Vehicles flying over a city [9].
or enabling component technologies and concepts, that will
inform the design of real-world future air transportation“3.
In dense, highly decentralized and dynamic environments,
future PAVs could benefit from autonomous navigation capa-
bilities. Autonomous navigation has received a lot of attention
for many years. With state-of-the-art techniques, robots can
now autonomously navigate safely in known and partially
unknown environments [10], in the presence of other dynamic
obstacles or vehicles [11], and even in the presence of humans
[12].
In order to be widely accepted as a new mean of trans-
portation, PAVs automation capabilities should not only ensure
safety but also tackle the problem of the passengers comfort.
Even if some people do appreciate the adrenaline rushes
coming from aggressive maneuvers, the vast majority would
prefer a quiet ride. If the automation in PAVs cannot guarantee
a certain level of comfort, the general public will not adopt
this new transportation system [13].
Having comfortable collision-free trajectories is not only
important with humans on board but can also deliver some
benefits in other situations such as package delivery [14]
(the payload can be far from the center of mass and every
acceleration provokes additional lever arm to counteract) and
fire fighting [15] (water moves back and forth in the tank pro-
voking oscillatory movements that can destabilize the robot.
)
Passenger comfort has both a physiological and psycholog-
ical component [16], but for sake of simplicity in this work
we focus on the physiological component.
Some studies about comfort in commercial aviation focus on
environmental factors such as in-cabin factors, such as noise,
seat size, mobility, cabin pressure and humidity [17]. Other
3https://herox.com/SkyForAll
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aviation studies measure the effect of roll oscillation frequency
[18], combinations of roll and pitch motion, or combination
of roll and vertical oscillations [19], [20] on physiological
discomfort. Although these studies have highlighted some of
the conditions that lead to discomfort, they do not offer a
solution to minimize discomfort.
It has been shown that the level of physiological discomfort
for passengers rises with the magnitude of jerk [21], [16],
which is the time derivative of acceleration. Previous work on
ground vehicles suggested to improve physiological comfort
by minimizing the time integral of the square of the jerk in
path planning strategies [22], [23]. In addition, patents held by
aircraft manufacturer companies have been published, where
jerk is used as design criteria to tackle passenger comfort
in a path planning strategy in order for aircraft to have a
trajectory with constant ground gradient segments [24] or
a trajectory following lateral and vertical constraints [25].
However, path planning strategies are only effective as long
as vehicles have a global knowledge of their environment or
at low density, as they have an exponential complexity in
terms of number of vehicles [26]. In a dynamic environment
with local and possibly incomplete knowledge, such as in
a dense PATS, these approaches could fail to provide safe
and comfortable trajectories for each personal aerial vehicle
because the situation might change faster than the time needed
to obtain global information and to compute a new path.
Therefore, it is worth considering the use of reactive collision-
avoidance strategies.
Here we propose a method to include physiological com-
fort in the previously-published Optimal Reciprocal Collision
Avoidance (ORCA) strategy [1]. We use simulations of a PATS
to show the effects of increasing PAV densities on the level
of comfort, on the relative flight time and on the number of
collisions and we validate the main results with a group of ten
real quadcopters in an outdoor environment.
ORCA has been extended to deal with accelerations limits
[27], non-holonomic robots [28] or enforcing Cn continuous
control sequences [29]. However, none of these approaches
consider the variation of acceleration between consecutive
time steps and therefore do not limit the jerk. Alone, these
methods would not suffice to maximize passengers comfort
and would require some modifications in order to minimize
the jerk of the flown trajectories. In this work, we take the
original strategy and show how the jerk can be minimized.
The paper is organized as follows: In Section II-A, we sum-
marize the Optimal Reciprocal Collision Avoidance (ORCA)
strategy from the literature, then in Section II-B we present our
extension of the ORCA strategy to include passenger comfort.
In Section III, we apply our strategy in a real-time dynamics
simulation to a challenging scenario and discuss the effects of
the main parameter and the scalability of our approach. The
real-world implementation is presented in Section IV. Finally,
in Section V, we give concluding remarks.
II. COMFORTABLE EXTENSION OF ORCA
ORCA is a reactive decentralized collision avoidance strat-
egy that provides sufficient conditions to ensure collision-free
navigation of multiple robots [1]. It is based on the Velocity
Obstacles paradigm [30]: ORCA is a geometrically based
strategy that solves trajectory conflicts in the velocity space.
A. Standard ORCA
It is assumed that all vehicles follow a 3D single-integrator
kinematic model (i.e. the control input is directly equal to the
velocity of the vehicle[31]) with a maximum speed of vmax,
that they are using the same strategy and that they can sense
the relative position and the relative velocity of their neighbors.
At each time step, each vehicle performs a cycle of sensing
and acting, ensuring that their trajectory will remain collision
free for at least a given amount of time τ .
For a situation with two vehicles A and B, vehicle A
computes the Velocity Obstacle set, which is the set of all
relative velocities that will lead to a collision between vehicles
A and B within a time window τ , noted V OτA|B . If the
relative velocity is outside V OτA|B , the two vehicles are
guaranteed to be collision free for at least τ amount of time
(i.e. vA − vB /∈ V OτA|B).
If the relative velocity is in V OτA|B , we define u as the
vector from the relative velocity to the closest point outside
V OτA|B . If vehicles A and B alter their relative velocity by at
least u, they will be collision free for at least a time duration
of τ . The way this alteration is done is arbitrary. As vehicles
A and B use the same strategy, both vehicles share equally the
responsibility to alter their velocity by at least 12u. Therefore,
the set of non-colliding velocities for vehicle A with respect to
B following this fair shared responsibility is the half-volume
pointing in the direction of u at location voptA +
1
2u and is
called ORCAτA|B .
With more vehicles, this procedure is repeated for each
neighboring vehicle. At the end, the set of non-colliding
velocities is created by the intersection of all induced half
planes.
In a free space without neighboring vehicles, vehicle A
would choose vprefA , its preferred velocity. This velocity would
typically be given by a higher order planner (e.g. navigation,
dynamic path planner). However, in presence of neighbors,
choosing vprefA might lead to a collision. Therefore, once the
intersection of planes is created, the new desired velocity,
vnewA , is the velocity inside this intersection of half planes
minimizing the Euclidean distance with vprefA and is obtained
by
vnewA = arg min‖v − vprefA ‖ with v ∈ ORCAτA. (1)
B. Comfortable ORCA
We present here below our main contribution in Proposition
1: an extension to ORCA in order to adjust the level of comfort
of the passengers.
We work with the following hypothesis. By definition, for
the velocity v(t) ∈ IR3 and the acceleration a(t) ∈ IR3, mini-
mizing the variation of velocity, ∆v(t),∀t implies minimizing
the acceleration, a(t),∀t. In addition, for the jerk J (t) ∈ IR3,
minimizing the variation of acceleration, ∆a(t),∀t implies
minimizing the Jerk J (t),∀t. Thus, a strategy that minimizes
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the 3D variation of velocity, ∆v(t) at every time interval will
also minimize the jerk, J (t).
If we take the current velocity of the vehicle as preferred
velocity, vprefA in (1), v
new
A will therefore be the minimal
change of velocity ensuring a safe trajectory and will thus
minimize the jerk of the trajectory. However, even if the
vehicle is pointing towards its goal at the beginning, it is
not guaranteed that it will reach its goal after an avoidance
maneuver, as it will continue in this new direction. Therefore,
we formulate the Proposition 1 to overcome this issue. The
strategy was developed for 3D environments but can as well
be applied in 2D. For ease of visualization, Fig. 2 gives only
a 2D graphical interpretation of Proposition 1. In 3D, the
intersection of lines defining the collision-free zones becomes
an intersection of planes.
Proposition 1. Let vcurrentA and v
pref
A respectively be the
current velocity and the preferred navigation velocity of a
vehicle. Let further ORCAτA be the set obtained from the
intersection of half planes following the procedure explained
in Section II-A. From (1), we can then obtain v′currentA , the
new velocity minimizing the change of velocity while ensuring
a safe trajectory and v′prefA , the new velocity minimizing the
change of preferred navigation velocity while ensuring a safe
trajectory.
We define vnewA as the linear combination of v
′pref
A and
v′currentA :
vnewA = (1− λ) · v′prefA + λ · v′currentA with λ ∈ [0, 1). (2)
then vnew is in ORCAτ and therefore is safe.
Proof. From (1), we know that v′currentA and v
′pref
A are
within ORCAτA and therefore are collision avoiding velocities.
Further, ORCAτA is convex by construction and (2) holds by
definition of a convex set. Therefore, all velocities obtained
by (2) are within ORCAτA and thus are safe.
The pseudo-code algorithm 1 explain how vnewA is computed
for every time step following the procedure of proposition 1.
λ is a parameter allowing to balance between the current
velocity and the preferred velocity. On the one hand, the closer
λ is to one, the smaller the modification of the current velocity
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Fig. 2. Visual 2D representation of the Comfortable ORCA strategy. The
lines become planes in 3D. vcurrent is the current velocity of the vehicle,
vpref is the velocity the vehicle would choose if there were no other vehicles.
v′current and v′pref are the velocity obtained by applying (1) on vcurrent
and vpref respectively. The new velocity vnew is obtained by a linear
combination of these two velocities and always lies within ORCAτA.
will be and therefore, accordingly the smaller the jerk will be
and the trajectory more comfortable. However, the price to pay
is a longer trajectory. On the other hand, a λ value close to
zero means increasing the modification of the current velocity
in order to move more directly towards the vehicle’s goal and
therefore the jerk will be larger, the flight quicker and the
trajectory more direct. Depending on the user’s preferences,
there is a trade-off to find between comfort and flight time.
Additionally, each vehicle can define its λ by its own and
change its value on the go, during a flight, depending on his
current preference.
The interval of definition of λ is open at 1 to ensure a
convergence toward the goal. Indeed, if λ is equal to one, once
the vehicle has performed an avoidance maneuver, it cannot
be guaranteed that the vehicle will reach its goal.
Algorithm 1 Computation of a new 3D comfortable collision-
free velocity
1: for i = 1..Nneighbors do
2: Sense the relative position and relative velocity of
neighbor i.
3: Compute the half-volume for neighbor i at location
voptA +
1
2ui, where ui ∈ IR3 is defined as in II-A
4: Append the half-volume to the ORCAτA set.
5: end for
6: v′prefA = arg min‖v − vprefA ‖ with v ∈ ORCAτA.
7: v′currentA = arg min‖v − vcurrentA ‖ with v ∈ ORCAτA.
8: vnewA = (1− λ) · v′prefA + λ · v′currentA .
9: Send vnewA to the velocity controller.
III. SIMULATION
The extension of ORCA presented in the previous section
was implemented in a real-time flight dynamics simulator
developed in our laboratory4. This simulator, written in ADA,
is capable of simulating the dynamics of dynamically con-
strained flying vehicles in 6 degrees of freedom and runs in
discrete time steps. The vehicle dynamics are implemented
as a hovering, helicopter-like or multi-rotor-like aircraft, with
a body-fixed thrust vector and 3-axis rotational rate control,
where accelerations and rates are bounded. Aircraft-specific
effects such as rotor dynamics and precise aerodynamics were
omitted for simplicity and are not required for this study.
A closed-loop velocity controller allows the vehicles to
follow any 3D velocity vector, using a simple yaw coordi-
nation controller to align the vehicle with the flight direction.
The current vehicle velocity may however deviate from the
commanded vector due to the vehicle dynamics constraints.
The ORCA implementation was adapted from the C++ RVO2-
3D library5.
The vehicles are represented as a sphere. When two spheres
intersect (i.e. the distance between two vehicles is smaller than
two times the size of one vehicle), we count this as a collision.
4The swarm simulator code is available at https://github.com/lis-epfl/
SwarmSimulator.git
5The original ORCA C++ code is available at http://gamma.cs.unc.edu/
RVO2/.
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TABLE I
NUMERICAL VALUES USED IN THE SIMULATIONS
Mass 100kg
Distance near miss 5m
Distance collision 3m
Look-ahead time 11s
Circle radius 798m
Acceleration limit (on every axis) 3g
Cruise speed 26m/s [32]
Implementing a strategy that is planned for single-integrator
dynamics on dynamically constrained robots leads to safety
violations as ORCA may ask for collision-free velocities that
are dynamically not reachable in a single time step. In [29], the
authors propose to extend the radius representing the vehicle
used in the ORCA strategy to treat a non-holonomic vehicle
as holonomic. Similarly, in our work, we extend the radius
of the sphere representing the vehicle to encapsulate partially
the dynamic constraints of the vehicles. When the distance
between two vehicles is smaller than twice this extended radius
and larger than twice the size of the vehicle, it is counted as
a near miss.
A. Experimental setup
We tested our strategy against the circle scenario in which
vehicles travel between two waypoints located on the same
altitude at opposite position around the circle. In the scenario’s
original formulation, the vehicles are starting around the circle,
all at the same time. In this situation, all vehicles are perfectly
synchronized. This leads to an enormous density at the center
of the circle. Even if our strategy can be used in this scenario,
as shown with the outdoor experiments in Section IV, in a
realistic PATS, the perfect synchronization is highly unlikely
and conclusions drawn from this situation would not have
practical meaning. To prevent this synchronization, the vehi-
cles start at a uniformly distributed random position inside the
circle and then travel back and forth between two waypoints
located at opposite side of the circle. This adaptation can
model more realistic scenarios than the original formulation.
During one experiment, each vehicle is asked to perform 60
crossings of the circle. This corresponds to approximately 1
hour of simulated flight. Each set of parameters is repeated
5 times, each time with different random starting positions
and averaged. We compare our results relative to one vehicle
flying alone with the same set of parameters and for the same
number of crossings.
The set of parameters used in the simulations is defined in
Table I.
We then tested our strategy against more complex variations
of the circle scenario. First, we added fixed obstacles that can
represent for instance tall buildings located at the center of
a large city or non-flying zones. Second, we addressed the
effects of communication delays by slowing down the update
rate of the neighbors position and velocity messages.
Fixed obstacles avoidance was implemented as proposed by
[1]. The vehicle adds a new collision avoiding constraint for
each static obstacles to the ORCAτA set. The vehicle uses
the same approach as with neighboring vehicles, except that
it takes full responsibility in the avoiding maneuver instead
of sharing it. It finally solves (1), as in the case with only
neighboring vehicles, with this ORCAτA set, composed of
fixed obstacles and neighboring vehicles.
B. Results
To address the comfort of the parameter sets, we compute
the relative mean total jerk per time unit, Jˆ . It is obtained
as follow. The time integral of the square of the jerk, J i(t)
is first divided by the travel time, Ttravel for n vehicles then
averaged for every vehicle and for every crossing of the circle.
The same ratio is computed for one vehicle flying alone the
same number of crossings. We then divide the mean total jerk
per time unit for n vehicles by the mean total jerk per time
unit for one vehicle and obtain the relative mean total jerk
per time unit. Mathematically, the relative mean total jerk per
time unit, Jˆ is obtained by
Jˆ =
1
R
∑R
r=1
1
n
∑n
i=1
∑Tend
t=0 (‖J ir (t)‖∆t)2
Ttravelir
1
R
∑R
r=1
∑Tend
t=0 (‖J r(t)‖∆t)2
Ttravelr
(3)
where R is the number of repetition of the experiments and
Tend, the final time of the simulation.
In Fig. 3a, Jˆ is represented as function of the comfort pa-
rameter for different densities. Jˆ is decreasing with increasing
comfort parameter value: the higher the comfort parameter is,
the less jerk per time unit the trajectory will have. This result
shows that the comfort parameter is capable of decreasing the
total jerk and thus increasing the comfort of the trajectory
compared to the standard ORCA strategy.
In Fig. 3b, the relative mean travel time is represented as
function of the comfort parameter for different densities. The
relative travel time is increasing quadratically with the comfort
parameter. At high value, once the vehicle has diverged from
the path to its goal due to an avoidance maneuver, it takes
more time to steer it back on track.
In Fig. 3c, the number of near misses per hour is represented
as function of the comfort parameter for different densities.
The number of near misses decreases with increasing comfort
parameter values. At first, this result is quite surprising. We
would expect the opposite as adding this comfort parameter
is slowing down the dynamics of the vehicle and thus making
it less reactive for avoidance maneuvers. However, according
to Proposition 1, the output velocity vector of the Comfort-
able ORCA strategy is always in the safe set, and limiting
the variation in commanded velocity reduces the dynamic
requirements from the vehicle. In Fig. 4, the variation of the
velocity vector is represented for different comfort parameter
values. The smaller the comfort parameter value, the larger the
variation of velocity is during one time step. For a dynamically
constrained vehicle, this variation may be unfeasible and the
actually achieved velocity may lie in the unsafe zone leading
to collisions or near-misses. A small velocity variation is more
likely to stay in the set of dynamically feasible velocities, and
therefore the vehicle’s velocity is more likely to remain in the
safe set.
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(a) Relative time integral of the square
of the jerk per time unit, Jˆ obtained by
(3) as function of the comfort parameter
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(c) Number of near misses per flight
hour as function of the comfort param-
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Fig. 3. Influence of the comfort parameter λ on the relative mean total jerk, on the relative mean travel time and on the number of near misses per flight
hours.
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Fig. 4. Euclidean distance between the current velocity, vcurrent, and the
new velocity, vnew depending on the comfort parameter. We can observe that
a smaller value for the comfort parameter increases the length of ∆v and thus
may lead to a velocity that is dynamically unreachable.
C. Additional Results
Results for static obstacles are available in the supplemen-
tary materials. The results show a similar trend as for the
original case. The relative mean total jerk, Jˆ is decreased and
the relative flight time is increased for λ values getting closer
to 1. Fewer near misses were observed for λ values closer to
one. Trajectories traces for 10 vehicles and 4 fixed obstacles
can be seen the supplementary material. The alteration of the
trajectories in order to avoid the fixed obstacles can be clearly
seen.
Results for degraded communications are also available in
the supplementary materials. The update rate for communica-
tion is varied from 0.01s up to 0.25s. Again, the results show
a similar trend as for the simpler case. Jˆ is decreased, the
relative flight time is increased and the number of near misses
per flight hour still decreases for λ values closer to one with
λ getting closer to one, no matter the communication update
rate, thus even in presence of degraded communications, our
strategy do improve the comfort of the trajectories. Neither
Jˆ , nor the relative flight time are influenced by degraded
communications. As it could be expected, increasing the time
between two messages leads to a higher number of near misses
per flight hour. The vehicles are going closer one to each other
as they are not aware rapidly enough of the potential threat
from a neighbor but are not heavily pushed away from the
threat as it could be the case for a potential-based approach.
IV. REAL-WORLD IMPLEMENTATATION
In order to demonstrate the feasibility of this approach under
real-time constraints and in real-world conditions, we tested
Fig. 5. The quadrotors used in the experiments.
our approach on 10 quadrotors flying outdoors.
A. Flying platform
We designed and built 10 quadrotors to demonstrate our
approach in real-world conditions6. For experiments with up
to ten robots it is important to have a flying robot that is safe
to use in large numbers, as well as easy to replicate and repair
to be able to maintain a large fleet. All technical details about
the design of the robot can be found in our wiki7.
All computations are done locally on the quadrotor autopi-
lot. The ten quadrotors are fully autonomous: an onboard nav-
igation planner sends 3D velocity commands to drive the robot
directly towards its goal. Each robot broadcast periodically its
position and velocity while listening to messages incoming
from its neighbors. The robots use a time-limited nominal state
prediction model [33] to estimate the state of their neighbor
between two messages: it is assumed that neighbors continue
at the same velocity during a given time window.
ORCA implementation was also adapted from the C++
RVO2-3D library.
B. Experimental setup
The quadrotors take off simultaneously. On action of the
operator, all the quadrotors start to cross the circle and move
towards their destination located at the opposite point of the
6The C code is available at https://github.com/lis-epfl/myCopter.git
7http://lis-epfl.github.io/MAVRIC Library/
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circle on the same altitude. ORCA uses the 3D velocity and
position extracted from the messages from the neighbors to
compute a safe velocity.
The strategy is tested on the original circle scenario previ-
ously described, where all vehicles starts to cross the circle at
the same time. We used this extreme case of the scenario in
order to ensure the safety of the experiments, as it is harder
to recognize a failure in 10 Small Drones randomly flying
between two waypoints than having them doing one crossing
at a time. Each experiment is composed of 5 crossings of the
circle. The robots had a cruise speed of 3 m/s.
We compare the experimental results with the same scenario
performed in simulation. For the simulation part of this exper-
iment, we modeled the noise of the sensors of the robots. The
model of the noise for the position and velocity is similar to the
one used by [34]. The accelerometer and velocity measurement
errors are modeled by a white Gaussian noise of zero mean.
The position measurement error is modeled as a Brownian
motion in a parabolic potential centered on the real position
of the robot.
C. Results
In this section, we address the effects of the comfort
parameter on the relative mean total jerk, Jˆ on the relative
mean travel time and on the number of near misses per
flight hour for the circle scenario with 10 quadrotors flying
outdoors and compare with the results of the same scenario in
simulation.
To address the comfort of the parameter sets, we compute
Jˆ from (3). In Fig. 6a, Jˆ is represented as function of the
comfort parameter. The expected decrease of Jˆ for increasing
comfort parameter value can be observed neither with the
outdoor experiment nor in simulation.
Our hypothesis is that the lack of decrease of Jˆ in Fig. 6a
is not coming from real accelerations of the vehicle but rather
from measurement noise. To investigate further, we followed
two approaches: First, we removed the simulated accelerome-
ter noise from the simulation to compare the results. Second, as
post-processing step, we computed the fast Fourier transform
(FFT) of the jerk from the real robots to separate flight
dynamics from other noise sources such as motor vibrations
and sensor noise. Note that the FFT is used only as justification
of our method and is not used in the method itself.
We repeated the simulations by computing the jerk with
the accelerations without noise. Jˆ decreases with increasing
comfort parameter values (Fig. 8a) ) as expected from the sim-
ulation results (Fig. 3a). This confirms that the lack of decrease
of Jˆ in Fig. 6a is not coming from real accelerations of the
vehicle but rather from measurement noise. The decrease of
jerk shown in Fig. 8a is consistent with the previous simulation
scenario and validates the use of the comfort parameter in the
original circle scenario chosen for the outdoor experiments.
To extract the jerk signal from the noise, we computed the
fast Fourier transform (FFT) of the jerk of the recorded data
of the outdoor experiments. In Fig. 7, we represent this FFT
for the two extreme comfort parameter values of 0 and 0.7
for the Y-axis. Similar results are obtained for the two others
axes and for the other comfort parameter values. First, above
1.7 Hz, the amplitudes of the signals are in the same order
of magnitude for all comfort parameter values and are likely
caused by vibrations and other noise sources. Below 1.7 Hz,
the amplitudes of the signal are smaller for the lower comfort
parameter than for the higher comfort parameter. We consider
the frequency interval of 0.15 Hz to 1.7 Hz. Below 0.15 Hz,
the time span of the signal is in the order of magnitude of the
time of the experiments (i.e. a crossing of a circle) and it makes
no sense to associate these frequencies with a real maneuver.
This frequency interval represents the frequency bandwidth
in which we are expecting the dynamics of a quadrotor to
take place. Additionally, it is also similar to the frequencies at
which motion sickness generally happens (below 1 Hz [35]).
Therefore a decrease of amplitude in this band can be expected
to improve passenger comfort.
In Fig. 8b, we represent the sum of the amplitudes of the
jerk FFT divided by the sum of the amplitudes of the jerk
for one vehicle flying alone, between 0.15 Hz and 1.7 Hz for
different comfort parameter values. The relative sum of jerk
amplitudes decreases with increasing comfort parameters for
every axis. Thus, the comfort is increased for higher comfort
parameter values.
The decrease of the amplitude of the signal at low fre-
quencies as well as the decrease in the relative sum of the
amplitudes for increasing comfort parameter values validate
again the use of the comfort parameter as tool to increase
comfort of the trajectory both in simulation and in outdoor
experiments.
In Fig. 6b, the relative mean travel time between two way-
points is represented for the simulation and the real quadrotors.
In both cases, the relative flight time increases with the comfort
parameter value. This trend was already observed in Fig. 3b.
Once the robots performed an avoidance maneuver, it takes
more time to steer it back on its path.
In Fig. 6c, the number of near miss per hour is represented
as function of the comfort parameter. The number of near
misses decreases with increasing comfort parameter similarly
to the results obtained in Fig. 3c. The density of this scenario is
somehow extreme and even with these near-misses, collisions
were never observed during the numerous outdoor flights.
ORCA can vary not only the direction but also the norm
of the velocity. During all our tests, the robots velocity varied
between 0 m/s (i.e. at some point they had to stop in order to
avoid a collision) and 5.5 m/s.
V. CONCLUSIONS AND FUTURE WORKS
We demonstrated a Reactive Comfortable Collision Avoid-
ance strategy that is able to deal with very dense environments.
An illustrating video of our simulations and experiments can
be seen at https://youtu.be/rrAS2DcOFJU.
Our approach to increase the comfort could also be applied
to other version of ORCA. Indeed, our approach remains valid
as long as the set of collision-free velocities created by ORCA
is convex, which is the case for [27], [28], and [29]. However,
the reduction in the number of near misses will probably not be
observed anymore as the dynamic limitations of the platform
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Fig. 6. Comparison of relative mean total jerk Jˆ , relative travel time and number of near misses per flight hour, between outdoor flight experiments and
simulations for 10 robots.
Fig. 7. Jerk FFT for Y-axis for comfort parameter values of 0 and 0.7.
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Fig. 8. Explanation of lack of decrease in relative mean total jerk on Fig.
6a and relative sum of the FFT amplitude proving the decrease in jerk for λ
values close to 1.
are already explicitly taken into account in these works. In
addition, in order to take into account uncertainties (e.g. noise,
inaccurate sensors), the approach of [36] could be used, where
the radius of the robots is increased or decreased depending
on the sensing uncertainty.
We showed that using the convexity of the collision-free
velocities set created following standard ORCA, defining a
single parameter was sufficient to increase the comfort of
the trajectory as the time integral of the jerk was decreased.
We explained the effects of this comfort parameter λ on the
relative mean travel time and on the relative mean total jerk per
time unit. We also explained why a larger comfort parameter
leads to a lower number of near misses. We also applied our
strategy to more complex scenario with static obstacles or
degraded communication and showed that our approach was
also capable of improving passengers comfort in these more
realistic situations.
ORCA formulation assumes a synchronous cycle of sensing
and acting. We showed that Collision Avoidance is achieved
in real-time condition even without enforcing synchronization
of sensing and acting cycles. Even in an extremely dense
environment and under real-time constraints, collisions never
occurred between the real robots.
Our strategy can also fit with user-defined levels of comfort:
the comfort parameter λ is not required to be identical for all
vehicles and could also change in time. In a realistic scenario,
the values for the comfort parameter λ will probably not be
equal for every vehicle. Users may prefer shorter and more
aggressive trajectories while others may rather fly smoothly at
the cost of a longer flight time.
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